When attacked by herbivorous insects, plants emit volatile compounds that attract natural enemies of the insects. It has been proposed that these volatile signals can be manipulated to improve crop protection. Here, we demonstrate the full potential of this strategy by restoring the emission of a specific belowground signal emitted by insect-damaged maize roots. The western corn rootworm induces the roots of many maize varieties to emit (E)-␤-caryophyllene, which attracts entomopathogenic nematodes that infect and kill the voracious root pest. However, most North American maize varieties have lost the ability to emit (E)-␤-caryophyllene and may therefore receive little protection from the nematodes. To restore the signal, a nonemitting maize line was transformed with a (E)-␤-caryophyllene synthase gene from oregano, resulting in constitutive emissions of this sesquiterpene. In rootworm-infested field plots in which nematodes were released, the (E)-␤-caryophyllene-emitting plants suffered significantly less root damage and had 60% fewer adult beetles emerge than untransformed, nonemitting lines. This demonstration that plant volatile emissions can be manipulated to enhance the effectiveness of biological control agents opens the way for novel and ecologically sound strategies to fight a variety of insect pests.
P
lants synthesize and emit blends of volatile organic compounds in response to damage from herbivorous arthropods (1) . The induced volatiles are proposed to serve a variety of physiological and ecological functions (2) , including the attraction of natural enemies of herbivores, which is termed ''indirect defense'' (3) (4) (5) (6) (7) . Recent advances in plant biotechnology have allowed investigators to manipulate plant volatile emissions and demonstrate their defensive function in laboratory studies with model plants (8) (9) (10) (11) . It has been suggested that these same advances should also be applicable to crop plants and help enhance specific volatile signals to increase the effectiveness of natural enemies in reducing damage from herbivore pests (12) (13) (14) (15) .
The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is the most severe pest of maize in the United States. It was introduced into Europe Ϸ15 years ago, where it is now a serious problem in the Balkan region and is rapidly spreading to other countries (16, 17) . In areas without crop rotation, WCR is exceedingly difficult to control, and pesticide applications are relatively expensive, environmentally unfriendly, and not always effective (18) . The use of genetically modified maize lines that carry bacterialderived genes coding for Bt toxins shows promise (19) (20) (21) , but resistance traits are likely to develop (22) . Biological control of WCR with entomopathogenic nematodes (EPNs) could provide an effective and more sustainable alternative.
(E)-␤-Caryophyllene (E␤C), a sesquiterpene olefin, is emitted by the roots of maize (Zea mays L.) in response to feeding by larvae of WCR (23) . E␤C diffuses readily in the gaseous phase of sand and soil (24) and is highly attractive to the EPN Heterorhabditis megidis (Poinar) (Rhabditida: Heterorhabditidae), which parasitizes and kills WCR larvae within a few days (23, 25) . Attempts to control WCR with nematodes have been largely ineffective or required extraordinary large numbers of nematodes (26, 27) . A possible explanation for these failures is the inability of most North American maize lines to emit E␤C (23, 28) . We recently identified the caryophyllene synthase gene tps23, which is responsible for E␤C production in maize. North American maize lines possess a fully functional tps23, but E␤C production is absent because of the lack of tps23 transcript (29) . The absence of E␤C seems to dramatically reduce attraction of nematodes, as was apparent from a field experiment in which we found a 5-fold higher infection by nematodes near a variety producing E␤C than near a variety without this signal (23) . To ''restore'' E␤C emission and test its importance for root protection under realistic field conditions, a maize variety that normally does not emit this compound was transformed with a gene from oregano (Origanum vulgare). We then compared WCR-inflicted root damage and beetle survival on transformed and nontransformed lines in the presence and absence of EPNs (25, 30) .
Results and Discussion
Transformation of Maize with an E␤C Synthase Gene from Oregano.
The maize variety HiII was transformed with an E␤C synthase gene from Origanum vulgare L. (31) under the control of a maize ubiquitin promoter (Fig. 1A) . The transformation resulted in plants that produced E␤C constitutively (Fig. 1B) , supporting the observation that loss of E␤C production in most American maize lines is due to the loss of E␤C synthase activity (29) . We selected 3 independently transformed lines with E␤C concentrations in their roots that were either similar (line 201 L1) or 6-fold higher (lines 202 L2, 202 L5) than what is typically present in our model European maize line Delprim (23) (Fig. 1C) . Sesquiterpene hydrocarbons such as E␤C appear to be emitted from maize by passive diffusion, and only a small proportion (Ͻ1%) accumulates in plant tissue; most is released directly from plant surfaces (32) . Therefore, the roots of transgenic maize containing higher concentrations of E␤C should release proportionally higher levels of this compound. In the following field experiments, selfed T 1 generations of the 3 transformed lines were tested. As control plants, we used F 1 progeny of the selfed nontransformed HiII, as well as the T 1 progeny of a transgenic line (197 L1) with no expression of the E␤C synthase gene, both with very high genetic similarity to the transformed plants. (Fig. S1a) . Two weeks after planting, all plots were infested with WCR eggs, and another 3 weeks later, Ϸ600,000 H. megidis were applied between the 2 rows of each plot. In addition to these 2-row experimental plots, we planted 2 types of control plots that did not receive nematodes, but one-half of these plots did receive WCR eggs (Fig. S1 b and c) (for details, see Materials and Methods). The effectiveness of the EPN in controlling WCR was evaluated by measuring root damage and emergence of WCR beetles.
Damage to roots in experimental plots without WCR was minimal ( Fig. 2A) , whereas considerable root damage was found in plots that had received WCR eggs but no nematodes (Fig. 2B) . In the absence of nematodes, there was no difference in WCRcaused root damage between transformed plants and the control plants (Fig. 2B) ; the number of emerging WCR beetles (approximately 4 per plant) was the same for both (Fig. 3A) . However, in plots where nematodes were released, the transformed plants emitting E␤C received significantly less root damage than the controls (Fig. 2C) . Consistent with this, adult WCR emergence per transformed plant was reduced to less than one-half compared with control plants (Fig. 3B) .
Because all seeds used for the experiments were produced by selfed plants, the transformed lines segregated 3:1 for the transgene and therefore one-quarter of the plants did not produce E␤C. This provided us with an additional fully blind control. We checked for E␤C emission from leaf clippings harvested from all plants the day before the evaluation of root damage (see Materials and Methods) and excluded the results of the plants that did not produce E␤C (26.8%) from the data analyses. This correction had no effect on the average for root damage, but the average adult emergence near E␤C-emitting plants was reduced by another 5%, making it 60% less than near nontransformed plants (Fig. 3B) . Moreover, there was a striking difference in the average number of adults that emerged near E␤C-producing plants compared with the quarter of their sister plants that did not produce E␤C in the same rows (1.79 vs. 3.80 beetles per plant) (Fig. 3C ), whereas in plots without nematodes there was no such difference (3.92 vs. 4.25) .
For each emerging beetle, the head capsule width, the sex, and dry weight were determined, but no differences for these parameters were found among treatments (Fig. S2) . Emergence of beetles started in mid-July and lasted until mid-August (Fig. S3) . Comparison of the emergence over time between plots with and without H. megidis shows that the nematode mostly suppressed WCR emergence at the end of the season (Fig. S3 ). This late effect is likely due to increasing numbers of H. megidis, because a new generation of infective juveniles will emerge within 2 weeks after infection, allowing the nematode to multiply over several generations during the season.
The data are consistent with the hypothesis that the transformation with the E␤C synthase gene from oregano resulted in increased attraction of applied H. megidis and thereby enhanced WCR mortality and root protection. However, we considered and tested 2 additional explanations for increased root protection: that E␤C attracted native nematodes that protected the plants or that the E␤C-releasing transformants had a direct negative effect on the performance of WCR larvae.
Eliminating Alternative Explanations. To evaluate the possible effects of native nematodes on the results, we placed waxmoth larvae in soil from the plots before and after the application of H. megidis (see Materials and Methods). In soil collected before H. megidis release, 4.9% of the larvae were infected, whereas in soil from after release 59.2% were infected. These results imply that there was indeed a small effect of native EPNs, which could explain the tendency of reduced root damage (Fig. 2B ) and beetle emergence (Fig. 3A) near transgenic plants in the WCR plots without H. megidis. This effect was only apparent at the end of the season (Fig. S3) , when the native nematode population can be expected to have had built up high numbers thanks to the large number of WCR hosts in the soil.
To test for a possible direct negative effect of plant transformation on WCR performance, as well as to confirm the enhanced attractiveness of transformed plants to H. megidis, we conducted an additional laboratory experiment with the use of 6-arm below-ground olfactometers [for details, see Materials and Methods and Rasmann et al. (23) ]. When nematodes were given the choice between the volatiles of a WCR-infested transformed plant and a WCR-infested nontransformed plant, they were significantly more attracted to transformed plants (Fig. 4) . Moreover, the transformation had no direct effect on the performance of WCR larvae. Average weight increase and survival were the same for larvae that had fed for 5 days on transformed plants compared with larvae that had fed the same period on nontransformed plants (Fig. 5) . Thus, the results support the conclusion that the improved control of WCR near transformed plants in the field experiments was due to the enhanced attractiveness of the roots to nematodes and not to a direct negative effect on the WCR larvae.
Conclusions
Besides irrefutably demonstrating that the presence of a specific volatile signal is of essential importance for the attraction of a major natural enemy of soil herbivores, the current study shows that plant-produced chemical signals can be modified to improve the search and killing efficiency of natural enemies of pest insects in an agricultural setting. The 60% reduction in adult WCR emergence achieved by nematodes on plants transformed to release E␤C approaches the efficacy of synthetic pesticides that have been used to control this important pest (33, 34) and is more environmentally friendly. Moreover, this considerable effect on the pest was accomplished with a much lower nematode dose than is commonly used (26, 27, (35) (36) (37) . It should be noted that the transformed lines are not of commercial value. Because the E␤C signal is already present in many maize lines, as well as in ancestral wild relatives, optimizing the production of E␤C should be possible through classical breeding. However, a transgenic approach might be favorable, because it could be faster and minimize changes of desirable traits in existing lines. Such an approach also allows the combination of direct resistance traits, like the production of a Bt-toxin, with the indirect resistance tested here. The use of E␤C to enhance WCR control with EPNs might be improved by making the emission inducible when insects feed on the roots, thereby guiding the nematodes specifically to those plants that are actually under insect attack. The current study reveals that the hotly debated genetic manipulation of crop plants (21, 38) can be used to enhance biological control.
Materials and Methods
Transformation. The general procedure for the transformation of the maize line HiII has been described by Frame et al. (39) . The Ti-plasmid pTF101.1 was kindly provided by the Plant Transformation Facility (Iowa State University, Ames, IA). Plasmid pTF101.1 was derived from pTF102. It lacked the ␤-glucu- (Fig. S1a ). There were 10 plots for each of the 3 transformed lines and all plots received feral WCR eggs (French Agricultural Research) as well as nematodes (Becker Underwood). In addition, we planted 10 control plots that did not receive nematodes. One-half of the control plots were infested with WCR. Each control plot had 4 rows: 3 rows with each 8 plants of a particular transformed line and 1 row with 8 control plants (Fig. 2 B and C) . Plots were randomly distributed in the field, with each plot surrounded by 2 rows of maize plants of the variety Pioneer 3394, serving as a buffer between plots. The above plantings and infestation procedures resulted in 3 types of plots ( Fig. S1 ): (i) 30 principal experimental plots with WCR infestation and nematode release, (ii) 5 plots that had only WCR and no nematodes, and (iii) 5 plots without WCR and without nematodes.
On June 4, all plots except one-half (5) of the control plots were infested with WCR eggs. Eggs were mixed into a solution of water and 0.15% agar and each plant received Ϸ400 viable eggs in each of 2 10-cm deep holes at a distance of 5 cm from the plant (Ϸ800 eggs per plant). On June 28, Ϸ600,000 H. megidis (Becker Underwood) were applied in between the 2 rows of the 30 experimental plots. Nematodes were mixed in 0.5 L of water, and the solution was poured into a 2-cm-deep trench that was dug between the rows. The number of EPNs that was used is equivalent to 250,000 EPNs per square meter. No nematodes were applied to the 10 control plots. Plans had been made to irrigate before and after infection with EPNs, but 5.9 cm of rain fell starting the day before infection, extending 3 days after infection, including 3.76 cm on the day of infection.
On July 11, root damage was assessed by digging out one-half of the plants in each plot (4 plants per row). Plants were immediately and carefully removed from the field to avoid nematode and WCR contamination of the neighboring plants and plots. The root systems were washed, and damage from WCR larval feeding was rated by using a 0 -3 root scale (42) .
The 400 remaining plants stayed in the field and emergence cages (78 ϫ 36 cm) modified after Pierce and Gray (43) were placed over each plant on July 11. Traps were checked 3 times per week during the peak of WCR emergence and twice per week during periods when few adults were emerging. The last cage check was performed on September 7. All beetles collected were placed in individually labeled scintillation vials (J&H Berge) containing 95% ethanol and brought to laboratory for processing. First, beetles were counted and sexed by emergence date. Second, the head capsule width of each beetle was measured by using an ocular micrometer (10ϫ/21; Wild) mounted on a microscope (M3Z; Wild). On these 2 measurements, beetles were placed in a desiccating oven (Thelco Model 16; GCA/Precision Scientific) at 60°C for 48 h. The dried beetles were then placed on an analytical scale (Model AB135-S FACT; Metler), and total dry weight was recorded.
PROC MIXED of the statistical package SAS (SAS Institute 1990) was used for data analyses. Data were analyzed as a randomized complete block with treatments arranged in a 5 ϫ 2 factorial (5 maize genotypes ϫ 2 experiments) as outlined by Steel et al. (44) . One-half of the blocks contained a randomization of the main experimental plots (WCR plus nematodes) and the control plots with WCR and the other one-half contained a randomization of the main experimental plots and control plots without WCR. Consequently, 2 separate groups of analyses were performed for plant damage, adult emergence, beetle dry weight, and head capsule width. First, a comparison among the 3 transformed lines revealed no significant differences within the datasets. Therefore, these lines were pooled for further analyses. A separate comparison between the 2 isolines sources of the original nontransformed line also revealed no significant differences in any of the above factors, and they were also pooled for subsequent analyses. Finally, selected contrasts were made between specific treatments within each type of plots following the methods outlined by Littell et al. (45) . Difference in WCR adult emergence between transformed plants producing E␤C or not was analyzed with SPSS 14.0. Because homogeneity of variance test failed, means were compared with the nonparametric Mann-Whitney test.
Screening for the Presence of Native EPN. Three soil samples along the application trench were taken 2 days before (June 26) and again 7 days after the nematode H. megidis application (July 5). Each sample contained Ϸ200 g of soil from an area of 5 cm 2 and was kept at 4°C until it was used for the next step. Detection of nematodes was done with larvae of the waxmoth (Galleria mellonella L., Lepidoptera: Galleridae) (46) . Soil was homogenized by hand and each soil sample was placed in a 350-mL glass jar (7 cm diameter, 12 cm deep) with 3 final instar larvae of G. mellonella (Pet Centre). After the larvae had been added, the jars were stored upside-down at 25°C in darkness. Five days later, larvae were examined for nematode infection. Larvae with the typical red color, indicative of the Heterorhabiditidae bacterial symbiont introduced into the host by EPN (47) , were recorded as infected. Because other families of EPN could also have infected the larvae, the remaining cadavers were dissected and checked for EPN presence/absence. In soil collected before H. megidis release, 4.9% of the larvae were infected, whereas in soil from after release 59.2% were infected.
E␤C Emission Screens.
Leaf clippings (Ϸ25 cm 2 ) were sampled from all plants the day before harvesting plants used for root damage rating (on July 10). These clippings were frozen in the field by placing them in liquid nitrogen and subsequently stored in a Ϫ80°C freezer. Before chemical analyses, individual leaf samples were ground in liquid nitrogen and Ϸ0.3 g of leaf powder was placed in a 20-mL glass vial. Using a multipurpose sampler (MPS2; Gerstel), a 100-m polydimethylsiloxane solid-phase microextraction fiber (Supelco) was inserted in the vial through a septum in the lid and exposed for 60 min at 40°C. The compounds adsorbed on the fiber were analyzed with an Agilent 6890 Series (G1530A) gas chromatograph coupled to a quadrupole-type massselective detector (Agilent 5973; transfer line, 230°C; source, 230°C; ionization potential, 70 eV). The fiber was inserted into the injector port (230°C, 50 mm), desorbed for 3 min, and chromatographed on a DB5-MS column (30 m, 0.25-mm internal diameter, 0.25-m film thickness; J&W Scientific). Helium at a constant pressure of 18.55 lb⅐in Ϫ2 (127.9 kPa) was used for carrier gas flow. After fiber insertion, the column temperature was maintained at 60°C for 1 min and then increased to 270°C at 10°C min Ϫ1 and ended with a final step of 5 min at 270°C. Chromatograms were analyzed by using ChemStation D.00.00.38.
Olfactometer Assays. Below-ground olfactometer assays were modified after Rasmann et al. (23) . Olfactometers consisted of 6 glass pots connected via glass tubes to a central pot. Each system of 7 pots was filled with sand moistened to 10% water by weight (Migros). A 12-day-old transformed plant (line 202 L2) that had been grown in a climate chamber (Weiss Technik; 16:8 light/dark hours, 25:15°C day/night temperature, and 60% humidity) in a mix of potted soil and sand was transplanted in sand in 1 of the outer pots (5 cm diameter, 11 cm deep). A similar nontransformed plant (line 197 L1) was placed in another sand-filled pot. The 4 remaining pots only contained sand. The pots with a plant each received 5 second-instar WCR larvae that were weighed as a group just before on a microscale (Mettler-Toledo GmbH). Two days after WCR infestation, the posts were connected to the olfactometer central pot (8 cm diameter, 11 cm deep) by using a glass connector (8 cm long; 24/29 male connector on both sides; all glassware from VQT-Verre Quartz Technique) and a Teflon connector (24/29 female to 29/31 male) containing an ultrafine mesh metal screen (2300 mesh; Small Parts), which prevented the nematodes from entering the odor source pots. One day later, Ϸ2,000 H. megidis nematodes (Becker Underwood) were released in the central pot, and the following day the olfactometers were disassembled. Sand contained in the glass and Teflon connectors was separately placed on cotton filters (19 cm diameter; Hoeschele). Filters and sand were placed on a Bearmann extractor (48, 49) , and recovered nematodes were counted the following day.
To evaluate the performance of the WCR larvae on the plants, the larvae were left in the pots for 2 additional days. Then they were recovered from the pots by passing sand through a 0.6-mm sieve (Eijkelkamp). Survival was determined, and recovered WCR larvae were again weighed.
The nematodes' choices among the arms of the olfactometers were examined with a log linear model. The entity computing a repetition in the statistical analysis corresponds to the response of a group of nematodes released, which was shown to follow a multinomial distribution (50) . Because the data did not conform to simple variance assumptions implied in using the multinomial distribution, we used quasi-likelihood functions to compensate for the overdispersion of nematodes within the olfactometer (51) . WCR larvae performances differences were tested with SPSS 14.0. Because normality and homogeneity of variance tests passed, survival and weigh means were compared with a t test.
